Influence of wetting state on optical reflectance spectra of Si nanopillar arrays State-of-the-art semiconductor fabrication techniques enable large-scale production of sub-100-nm Si nanostructure arrays.
1-5 Such progress in nanotechnology requires reliable wet-cleaning processes and methods to inspect the wettability of the nanopatterned Si wafers. The wettability of an ideal smooth surface is often examined using the contact angle of water, which depends on the interfacial energy balance and can be described using Young's equation. [6] [7] [8] [9] On the other hand, the wetting behavior of a non-ideal rough surface may deviate significantly from that of a flat surface, requiring sophisticated characterization techniques and careful analyses. 9 Recently, we proposed that simple optical reflectance measurements could be used to quantitatively determine the instantaneous water imbibition depths and define the actual wetting state on crystalline Si nanopillars (NPs) with diameters of 30-40 nm and a pitch of 90 nm. 3 Proper surface treatments allowed us to control the wetting states of the Si wafers (details can be found in Ref.
3). When complete wetting occurs, water can fill the entire gap between the NPs (see the schematic diagram on the left in Fig. 1(a) ). In the case of a non-wetting state, the water droplet can remain on the surface of the substrate and the water imbibition depth is 0 (the right schematic diagram in Fig. 1(a) ). The former and latter are called Wenzel and Cassie-Baxter states, respectively. Si NP arrays exhibit unique optical properties quite distinct from those of their bulk counterparts. The scattering and absorption cross-sections of individual sub-wavelength NPs are much larger than their geometrical cross-section due to Mie resonance. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] The resonance wavelength depends on geometric parameters, such as diameter, length, and pitch of the array. As a result, NPs with different dimensions can display various colors. [10] [11] [12] [13] [14] [15] [16] [17] In addition, the Mie resonance as well as the gradual decrease of the refractive index and multiple scattering of the NP array enables broad-band and omnidirectional antireflection (AR) effects. [18] [19] [20] [21] [22] [23] [24] [25] NP arrays also can exhibit the second-order-scattering-induced reflection divergence and nonlinear depolarization 26 and enhanced Stoke Raman scattering. 27 configurations of the NP array will significantly modify their optical characteristics. This will make the inspection on the wetting status through optical reflectance even more complex, and requires a systematic study on the influence of wetting states on the optical characteristics of Si NP arrays with various diameters and pitches.
In this article, we report a finite-difference time-domain (FDTD) simulation study of the optical characteristics of Si NP arrays in air and water, using NPs with a range of diameters (40, 70, 100, and 130 nm) and pitches. While our earlier work focused only on Si NPs with diameters of 30-40 nm where no Mie resonance is allowed for wavelengths (k) > 400 nm, 3 this study extends the work to cover Si NPs with larger diameters where leaky Mie resonances may affect their reflectance spectra. The FDTD simulated reflectance spectra were compared with the effective medium approximation (EMA) model, in which the NP array plane was treated as a homogeneous medium with an effective permittivity. The EMA model can be exploited for rapid identification of reflectance dips to first-order, prior to more sophisticated full-vectorial numerical simulations. By conducting FDTD simulations with respect to different media surrounding NP arrays, we discovered that optical reflectance measurements can be used to inspect the wetting states of NP arrays, regardless of the NP diameter.
II. RESULTS AND DISCUSSION
A. Interference: Effective medium approximation As written above, schematic diagrams shown in Fig. 1 (a) depict two distinct wetting states of NP arrays. To investigate the optical spectral response of NP arrays, three types of array were considered, as shown in Fig. 1(b) . Type A is an NP array in air and type B is an NP array completely immersed in water. Type C is an NP array immersed in water, while air remains in the gaps between neighboring NPs.
When the diameter of the NPs (D) was smaller than approximately 50 nm, no leaky waveguide modes were observed in the wavelength range of 400-1000 nm. 17 Therefore, for D < 50 nm, the NPs and surrounding media may be considered an optically homogeneous medium with an effective refractive index n eff based on the EMA model. 24, 28 As a result, incident light will undergo reflections at the air-NP and NP-substrate interfaces, resulting in interference, as illustrated in Fig. 2 .
According to EMA theory, e eff is a function of the permittivity of the suspending medium e m , the permittivity of embedded spheres e, and the volume fraction of the spheres f
A similar relation applies for a mixture of parallel circular cylinders, such as the NP arrays discussed here, and the surrounding medium. 28 With our NP arrays, n ef f ¼ ffiffiffiffiffiffi ffi e ef f p , where e m is the dielectric constant of the surrounding medium (air or water, see Fig. 1(b) ), e is the dielectric constant of Si, and f is equal to pD 2 4P 2 where P is the pitch of the NP array.
The type-A and type-B NPs are in air and fully immersed in water, respectively, so n air < n eff < n Si and n water < n eff < n Si . The type-C NPs were immersed in water, but the gaps were filled with air, and so n eff < n water < n Si for small D/P and n water < n eff < n Si for large D/P. Light undergoes a phase shift of p when incident light passing through a medium with a smaller refractive index is reflected at the surface of a medium with a larger refractive index. Considering such a phase shift, the destructive interference wavelength k dip corresponding to the resulting dip in reflectance is given by
for n air (or n water ) < n eff < n Si and
for n eff < n water < n Si , where m is a positive integer, H is the height of the NPs, and h is the angle of refraction (Fig. 2) . Equation (2) is valid for type-A and type-B NPs, and for type-C NPs with large D/P. Equation (3) is valid for type-C NPs with small D/P.
B. Optical simulation method
We carried out FDTD simulations using Lumerical FDTD Solutions version 8.7.4 (Lumerical Solutions, Vancouver, BC, Canada) to investigate the optical spectral response of the three kinds of NP arrays (Fig. 1(b) ). The FDTD calculations [15] [16] [17] [18] [19] [20] [21] [22] as well as the rigorous coupled-wave analyses 24, 25 have successfully explained the omnidirectional antireflection effects of sub-wavelength-sized NP arrays. A cylindrical crystalline Si NP array on the same Si substrate was studied; the height, H, was 420 nm, the diameters of the NPs were D ¼ 40, 70, 100, and 130 nm, and the pitch P was varied such that 0.1 D/P 0.7. Periodic boundary conditions were used along the in-plane directions, and perfectly matched layers (PML) were used as the radiation boundary condition at the top and bottom of the simulated structure. A plane wave light source was used, and the wavelength was varied from 400 nm to 1000 nm in 91 wavelength steps. Monitors for collecting reflected light were placed above the plane wave and the optical reflectance was calculated by FIG . 2. Schematic diagram illustrating interference phenomena in the NP arrays. Here, n 1 , n eff , and n 2 are the refractive indices of the region above the NPs, the NP-and-medium, and the underlying Si substrate, respectively. H, h i , and h are the height of the NPs, the incident angle of light, and the angle of refraction of light, respectively. R 1 and R 2 indicate light rays reflected at the top and bottom of the NPs.
dividing the reflected light intensity by the incident light intensity generated from the plane wave. Note that the reflectance includes both specular and diffuse light. The dispersion characteristics of crystalline Si were used for the FDTD simulations. 29 For type-B and type-C NP arrays, the ambient medium was set to be water (i.e., a plane wave generated in water) because in wetting experiments, the water ambient medium had a thickness of a few mm, 3 which is far higher than the coherence length of the incident light, such that the airwater interface would not affect the reflection spectra of the NP arrays. The reflectance spectra, obtained from the FDTD simulations, were plotted as a function of the wavelength in vacuum and can be readily compared with experimental data. C. Reflectance spectra of 40-nm-diameter nanopillar arrays Figure 3 shows the simulated reflectance spectra for type-A, type-B, and type-C NP arrays with D ¼ 40 nm. The spectra for all three types of NP array with the same P value exhibited distinct trends, depending on the wetting states. The expected interference-dip wavelengths (k dip ), calculated from Eqs. (2) and (3), are indicated as symbols in the reflectance curves in Fig. 3 . For the estimation of k dip , the refractive index of water was set to be 1.33. In the case of Si, the average refractive index across the wavelength range from 400 nm to 1000 nm was used for simple calculations. The largest difference between k dip estimated using the average index of refraction and that from the exact refractive index was $20 nm. The dips of the FDTD reflectance spectra are in good agreement with the interference dips of all three types of NP array for a range of D and P. In addition, for the type-A and type-B NP arrays, the reflectance spectra became less structured with increasing P (i.e., decreasing volume fraction of Si). For example, the reflectance spectra with P ¼ 400 nm simply obeys the material dispersion characteristics of crystalline Si. 29 In contrast, for the type-C array, relatively pronounced dips were observed even for P ¼ 200 and 400 nm. We postulate that the high-contrast dips result from an increase in refractive index difference between the Si NP array plane (Si þ air) and the ambient medium (water). These numerical findings suggest that simple reflectance measurements and interference analyses could be useful for inspecting the wetting states of NP arrays with such small diameters. 30 D. Reflectance spectra of 70-, 100-, and 130-nm-diameter nanopillar arrays Figure 4 shows the FDTD-simulated reflectance curves of type-A, type-B, and type-C NP arrays with D ¼ 70, 100, and 130 nm. For the NPs with D ¼ 70 nm, the FDTD reflectance dips at long wavelengths are still well matched with those predicted from the EMA model. However, the EMA model fails to account for the dips at short wavelengths. Note that the FDTD reflectance of 70-nm-diameter NPs with large P ¼ 233 and 350 nm clearly exhibit dips at k $ 450 nm. These dips are attributed to excitation of the fundamental (HE 11 ) waveguide mode 15 and resulting enhancement of the absorption cross-section of the NPs. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] The electric field of the fundamental mode is strongly localized at the core of the NPs, as shown in Figs. 5(a) and 5(b) . As a result, the dip position does not change much due to either the presence of the substrate or the wetting state.
The NPs with D ¼ 40 nm cannot support Mie resonance at k > 400 nm, 15 and hence interference is the dominant effect in the reflectance spectra. The Mie resonance dips for larger D shift monotonically to longer wavelengths; dips appear (HE 11 mode) at k $ 600 nm for D ¼ 100 nm, and two dips were observed (HE 11 and HE 21 modes) at k $ 400 and $700 nm for D ¼ 130 nm. 15 Mie resonance results in enhanced light absorption and a reflection dip, as shown in Fig. 4 . Note that the Mie resonance dips split and broaden with decreasing P (i.e., increasing filling fraction of the NPs). This indicates optical coupling between neighboring NPs, as reported earlier. [15] [16] [17] The refractive index of the surrounding medium may alter the evanescent field tails outside of the NPs and the difference in the field patterns can be noted in type-A and type-B NP arrays (Figs. 5(a) and 5(b) ). Thus, wettability can affect the coupled modes between neighboring NPs. This explains the distinct reflectance spectra observed for the NP arrays depending on their wetting state, even for short wavelengths, as shown in Fig. 4 .
IV. CONCLUSION
We demonstrated that simple optical reflectance measurements can be used to determine the wettability of vertically oriented NP arrays with various diameters and pitches. The spectra calculated using FDTD simulations for small FIG. 3 . FDTD-simulated reflectance spectra of 40-nm-diameter NP arrays with different wetting states. The symbols in the reflectance spectra indicate the dips expected from destructive interference conditions (calculated using Eqs. (2) and (3)). diameter NPs are well described by interference at the top and bottom of the NPs and the NP-air/water region can be regarded as a homogenous medium with an effective refractive index. Large diameter NPs show Mie resonance in the visible wavelength range, and hence, in addition to interference, their reflectance spectra can be explained by excitations of leaky Mie resonances in the NPs. 
